Abstract: Load frequency is an important issue in power system operation and control. In this paper, load frequency control for suppression frequency deviation in an interconnected power system with nonlinearities using SMC (sliding mode control) is studied. The governor dead band and GRC (generation rate constraint) is considered in this article. Digit simulations for both two areas and three areas power system with non-reheat turbines are provided to validate the effectiveness of the proposed scheme. The results show that, the robustness of the control method under parameters variation and different load disturbances with the SMC technique.
Appendix A
The nominal system parameters 
Introduction


The frequency of power system is an important factor to power system. Large frequency deviation can damage equipment, degrade load performance, cause the transmission line overloaded, interfere with the system protection schemes, and ultimately will lead to power system unstable. To solve this problem, load frequency is introduced which is used to drag the frequency to normal values under disturbance. Many control methods have been introduced to solve this problem. These methods include PI (proportional integral) control method, robust control, fuzzy logic control algorithm, neural network control, model predictive control and optimal control. PI control has the benefit of simple controller structure, but it can produce a long settling time and a large overshoot in transient response [1] . In order to identify the parameter uncertainties, advanced control methods have been developed. Advanced control methods include robust control method [2] , fuzzy logic control method [3] , fuzzy logic based PI controller [4, 5] , model predictive control [6] [7] [8] [9] and optimal control [10] [11] [12] [13] . Sliding mode control methods [14] [15] [16] [17] also have been applied to load frequency control. Before sliding mode control, either apply to the linear power system or the method is based on discrete control method. This paper deals with the nonlinear power system by continuous sliding mode control method.
This work proposes sliding mode control method for two areas interconnected power system with nonlinearities. Its performance is evaluated based on load disturbance change and parameters variation. Both areas of load frequency control are composed of non-reheat turbines. Also, the two areas of interconnected power system is based on nonlinear model which contains dead band and generation rate constraint. This paper is organized as follows: the two areas nonlinear model of power system is given in Section 2; the sliding mode control is introduced in Section 3; the control solution is demonstrated in Section 4; the simulation results are shown in Section 5; finally, concluding remarks is summarized in Section 6.
Nonlinear Power System Model
The block diagram of two areas power system with nonlinearities is shown in Fig. 1 . In Fig. 1 , there are two areas interconnected power system with non-reheat turbines. Both areas contain the governor dead band and generation rate constraint. The transfer function for the governor is given in Eq. (1), where Gi T is governor time-constant.
The transfer function for the turbine is given by Eq. (2), where ti T is turbine time-constant.
The transfer function for the power system is shown in Eq. (3), where Pi K is power system gain constant and Pi T is power system time-constant.
The governor dead band is set to 0.036 Hz  according to NERC (North American Electric Reliability Corporation) rule [18, 19] .
In the power system with steam turbines, power generation can change in a specific range. Normally, the value of generation rate constraint is 3% p.u. MW/min for the non-reheat turbine [18] , which is equal to:
So two limiters, which is bounded by 0.0005  are used in the power system with non-reheat turbine to prevent the excess control.
( )
In a multi-area power system, in addition to driving the frequency error to zero. The tie-line power change should be maintained at scheduled values. The ACE (area control error) is linearly combination of frequency error and tie line power error. The tie line power error and area control error is defined as in Eqs. (5) and (6) .
In 
Sliding Mode Control
Sliding mode control is a kind of robust control method. The major advantage of sliding mode control is that, it is insensitivity to the plant parameter variations and disturbance. Sliding mode control is capable of decoupling high order system into low order system, which reduces the complexity of feedback design. Also, sliding mode control is suitable for nonlinear, high order, and complex system. Sliding mode control has been proved to applicable in large scope of problems, such as robotics, electric drives, process control, vehicle and motion control [20] .
Sliding mode control consists of three parts: a sliding surface, switching control and equivalent control. The sliding surface is the desired state trajectories. Switching control is a discontinuous control law to drive a system state to converge to the surface. Equivalent control is a continuous control law to force the state to remain on the surface [21] .
The purpose of sliding mode control is to drive the plant trajectory to a sliding surface and to maintain the Load Frequency Control of a Two Area-Power System with Non-reheat Turbines by SMC Approach 568 trajectory on the sliding surface in subsequent time. So the first step of designing a sliding mode controller is to select a sliding surface. When a system's trajectory is above the surface, the feedback controller has one gain. When the trajectory is below the surface, the feedback controller has another gain. Consider a nonlinear system which can be defined as Eq. (7):
( , , , , , ) + ( , ) ( )
In Eq. (7), ( ) x t is the state vector; n indicates the highest order of the system; ( , ) f x t and ( , )
are nonlinear functions of time and state; and ( ) u t is the control input. The sliding surface is defined as:
where,  is a strict positive constant; and ( ) x t  is the error between the output state ( ) x t and desired output .
For a second order system, the sliding surface will be s e ce    and its demonstration in phase plane is presented in Fig. 2 . In Fig. 2 , SMC (sliding mode control) should force any initial states to land on the sliding surface in a finite time. If both the tracking error and the derivative of the tracking error are zero, the system states reach the demanded states [21] . After the sliding surface is defined, the switch control law is used to force the system states to land on the sliding surface even if there is a disturbance. The switching law can be defined as Eq. (9), where, u is switching control law; 0 u is the positive control gain; and s is the sliding surface. The switching law has two outputs depending on the sign of sliding surface. If the sliding surface is positive, the switching control law is positive and vice versa [21] .
The equivalent control is used to keep the system states stay on the sliding surface. Equivalent control law is used to compensate system uncertainties [21] . The sliding mode control is designed as follows.
We consider a second order system as:
The sliding surface is defined as:
Differentiation the sliding surface yields:
Substituting Eq. (10) into Eq. (12), we have:
t f x t b x t u t x t x t
where, . Then, the estimate of . We suppose the estimated ( , ) f x t is ˆ( , ) f x t . From Eq. (14), if we choose the approximate control law ˆ( ) u t as:
and replace ( ) u t in Eq. (13) 
Control Solution
For the non-reheat turbine, according to the sliding mode control law, we firstly set x f   . Then we can get the third order of the frequency error.
The sliding surface is designed as:
In Eq. (18), ( ) ( ) 0 ( )
The derivative of sliding surface is in Eq. (19):
Let the derivative of sliding surface is equal to zero, the approximate control law can be derived as shown in Eq. (20):
The control law can be selected as:
Simulation Results
Firstly, the load disturbance is set 0.01 p.u. at 2 s t  in Area 1 and the load disturbance is set to 0.01 p.u. around 4 s t  in Area 2. This is the first case and the simulation results are shown in Figs. 3-8 . From Figs. 3-8 , it can be concluded that, the frequency error, tie-line power error and area control error can be driven to zero in both areas.
The load disturbance is set to 0.02 p.u. around the waveform under cases 2 and 3. From Figs. 9-14 , we can conclude that, the frequency errors, tie-line power errors and area control errors can be driven to zero under different cases. If the load disturbance becomes larger, the overshoot is higher and the settling time becomes longer.
In order to test the robust of the control method, the parameters change above and below 20% of the nominal values. Figs. 15-20 show the waveform for the three different situations. The load disturbance is set to 0.01 p.u. around In order to illustrate the robustness of the proposed control method in a multi-area power system, consider the three area identical interconnected power systems with non-reheat turbines as shown in Fig. 21 [22] . The system is tested in a load disturbance of 0.01 p.u. at Frequency errors in three areas for the interconnected power system. Area control errors in three areas for the interconnected power system.
Concluding Remarks
This study is an application of SMC to an interconnected nonlinear power system. The nonlinearities of the power system include governor dead band and GRC (generation rate constraint). The proposed scheme has applied to two areas and three areas power system with non-reheat turbines in the presence of parameters variation and different load Load Frequency Control of a Two Area-Power System with Non-reheat Turbines by SMC Approach 573 disturbances. The simulations have been carried out in order to test the effectiveness of the proposed control strategy. Through the simulation results, it is verified that, the proposed control method demonstrated good robustness in the face of several parameters change and different load disturbances.
